Introduction
Now, it is required to simultaneously attain continuous growth of societies and benignity for environment. Hence it is important to develop innovative materials technology for significant reduction in consumed resources, namely, for dematerialization. The steps required for development of environmentally benign materials technology toward dematerialization are to analyze obstruction factors (barriers) in current materials processing technology and to develop the materials processing technology without obstructions.
The project "Barrier-Free Processing of Materials for LifeCycle Design for Environment I" was conducted in 1999-2001 by support of Ministry of Education, Culture, Sports, Science and Technology in Japan. The aim of the project is to break through some obstructions in current materials processing technology and develop barrier-free processing in a variety of materials such as steels, light metals, polymers and woods. The project was divided into three groups, (1) materials processing for circulated scraps, (2) materials tailor-processing for DfX (design for xxx), and (3) estimation method of materials efficiency for barrier-free processing. The barrier-free processes were studied by the groups (1) and (2) , and the materials efficiency of the developed processes was estimated by the group (3). The present paper briefly describes the concept and contents of the barrier-free processing.
Barrier-Free Processing

Materials processing for circulated scraps
The first step for barrier-free processing is to analyze barriers in recycling for scraps and materials selection for poisonfree materials. On the base of these analyses, it is required to develop innovative processing for promoting recycling and materials selection.
The barriers in recycling for scraps and materials selection for poison-free materials are mainly caused by contamination of impurities, aggregation of brittle microstructures, mixture of different raw materials, difficulty in interface separation and harmful elements for junction and so on. Namely, there are the impurity contamination barrier, the brittle structure barrier, the different material mixture barrier, the interface separation barrier and the harmful element barrier in the current technology for recycling and material selection. One of keys to break through these barriers is the synthesis of harmless materials from scraps by dispersion control. This technology is composed of the in-process harmlessness technology, the impurity use technology and the affinity/separation control technology. On the base of these technologies, some barrier-free processes for recycling and materials selection have been studied in a variety of materials such as steels, light metals, polymers and woods. These processes will promote the use of scraps and the materials selection. The barriers and solutions in each process are as follows.
Hot rolling process for harmlessness of impurities of steel scraps 1)
This research is an example of the barrier-free processing by the in-process harmlessness technology. The most serious problem in recycling of steels is surface hot shortness during hot deformation due to Cu mixed from scrap into steels. Several methods were proposed to suppress this shortness. However, it is difficult to separate Cu from steel scraps using physical and chemical methods and to remove Cu from steels by the current refining process. Therefore, Cu accumulates in steels produced using steel scrap: such elements are called tramp elements. On the other hand, Cu has a potential to increase strengths and corrosion resistance of steels, which decreases environmental load during life cycle of steels. The surface hot shortness occurs through preferential oxidation of Fe atoms during heating for hot deformation and formation of a Cu-enriched liquid phase at the steel/scale interface. However, the details of the surface hot shortness are not clear.
Hence, in the present research, the details of the mechanism of the surface hot shortness were examined in order to find the ways for the suppression of the shortness by controlling microstructures near the steel/scale interface through physical metallurgy. On the base of the analysis of the surface hot shortness mechanism, controlling of microstructures was performed by the optimization of heating temperature, impurity elements, grain size and so on (Fig. 1 ).
Morphology-free grain refinement processing of light metal scraps 2)
This research is an example of the barrier-free processing by the affinity control technology. The aim of this research is to develop the solid state recycling technology. In the solid state recycling, various types of recyclable materials must be accepted as an input resource. Pure aluminum block with the industrial grade from a cooling unit is once crushed to chips or fragments with the size of mm. Aluminum platelets after physical separation become a main stream of input. Aiming for the in-process alloying during the solid state recycling, Si chips or granules coming from the green wastes of Si wafers or Si-billets are positively used for fabrication of Al-Si alloys. In addition, various contaminants in the starting materials are also considered to deal with in the solid state recycling.
Bulk mechanical alloying (BMA) plays a main role in this recycling. Different from the conventional mechanical alloying or mechanical grinding, no balls or vials are used in the process, resulting in no further inclusion of contaminants and in short processing time. As one of its most important features, any-shaped input materials are accepted for bulk mechanical alloying. Granules, agglomerates, fragments or platelets are poured into a die cavity of BMA machine and plastically deformed and fractured in-process; then, refinement and alloyment take place with increasing the number of cycles. Even starting from a mixture of aluminum and silicon, the original large-sized Si block is crushed in the inside of aluminum matrix to reach so fine silicon particulate in alu- minum as 5 µm or less than. In general, fine Si is needed to improve the strength of AlSi alloys to the level required for automotive parts and members. Hence, the above refinement is favored for reuse of the solid-state recycled Al-Si alloy in the fabrication of automotive parts. Figure 2 shows the increase of hardness for solid-state recycled Al-Si compact with increasing the number of cycles. Compared to the hot extruded Al-12Si alloys, sufficiently large strength was obtained by sinter-forging of refined Al-Si alloy with the number of 500 cycles.
Usually, iron becomes a main contaminant in the recycled aluminum. Hence, this type of contaminants must be positively used in the present solid-state recycling. When starting from a mixture of iron with 4 mass% into aluminum powders, the iron element is in-process reacted into Al-Fe intermetallic compounds during BMA and these intermetallics distribute finely in the aluminum matrix. This in-process reaction is also favored for the Al-Si alloy design, since the aluminum matrix is strengthened by Al-Fe intermetallic particulates together with strengthening by silicon as a composite alloy.
Through the present study on the solid-state recycling via the bulk mechanical alloying, this type of recycling is found to be indispensable for reuse of non-ferrous materials to fabricate the automotive parts and members. Further R&D studies are necessary to breed this solid-state recycling as a promising environmentally-benign manufacturing to make net-shaping of the solid-state recycled dense compact and to realize necessary in-process alloying for various nonferrous material systems. In particular, magnesium alloys are targeted for this processing to yield the net-shaped parts for practical evaluation as an automotive part.
New processing for recycling of iron scrap involving impurities 3)
This research is an example of the barrier-free processing by the impurity use technology. In this research, a technique of powder metallurgy was applied to utilize Cu in the scraps of Fe-based alloys. Rapidly solidified Fe-Cu powder where Cu was supersaturated was prepared and consolidated by heavy warm rolling without Cu liquid phase. The rolling at 973 K resulted in high tensile strength of 1000 MPa (Fig. 3) , with refined microstructure in which the dispersed precipitates pinned the crystal grains. On the other hand, microstructure of the powder was retained in the consolidated body rolled at 873 K. It showed good combination of high tensile strength and large elongation.
Also, aluminum and iron mixed scraps were utilized, such as steel beverage cans or cylinder block of engines, as a raw material for cast iron. To investigate a probability for recycling of them, several properties of aluminum-alloyed cast iron were investigated. As a result, the wear-resistance, oxidation-resistance and damping properties were improved at suitable aluminum concentrations. Specimens that contained from 10% to 16% aluminum were very wear-resistant. The composition range of high wear resistance corresponded to the range in which carbides precipitated. Specimens that contained more than 6% aluminum were very heat-resistant at 1273 K in air. The formation of an alumina coat improved the heat resistance. Flake graphite cast iron, which is widely used as damping materials, showed a rise in damping capacity by the addition of 4% aluminum. Further addition of aluminum caused the damping ratio to drop once, and to rise again. It was therefore concluded that iron-aluminum mixed scraps can be utilized as a raw material for high quality cast irons.
Reorganization of organic-inorganic interface of fiber reinforced plastics 4)
This research is an example of the barrier-free processing by the separation control technology. Fiber reinforced plastics (FRP) are superior materials with lightweight, high strength and durability, but they have disadvantage in waste disposal and recycling. In the present research, in order to make easy separation of fiber and resin, the fiber-matrix interface was modified by immersing in hot water and steam-explosion under various temperature and pressure conditions for glass fiber-unsaturated polyester resin composites (GFRP). The content of the present research is shown in Fig. 4 .
When GFRP was immersed into hot water (343 K), white discoloration of specimen due to water absorption was observed. Water absorption and weight loss rate of GFRP were increased by immersion into hot water. Breaking strength for GFRP immersed into water (298 K) was almost the same as that of reference specimen, while breaking strength immersed into hot water (343 K and 363 K) lowered. The shear strength for GFRP at fiber-matrix interface estimated from the breaking strength was lowered about 50% by immersion into 343 K hot water and about 40% into 363 K hot water. Fibermatrix interface was deteriorated by immersion into hot water. Bared fibers in surface and delamination for GFRP after steam-explosion under 503 K, 3.5 MPa and 20 min were observed. These results show that fibers and matrixes can be separated.
A novel wholly aromatic polyester poly[oxy-1,4-phenylene (1 -methylethylidene) -1,4 -phenyleneoxycarbonyl (9,10-dihydro-2,7-phenanthrenediyl)-carbonyl] (I) was synthesized by palladium catalyzed carbonylation-polycondensation with 2,7-dibromo-9,10-dihydrophenanthrene and bisphenol-A. Polyarylate (I) was highly heat-resistant and soluble in organic solvent such as chlorobenzene, dichloromethane, and chloroform. Physical properties were measured for a candidate for organic moiety for FRP. The initial thermal degradation temperatures of polyarylate (I) were 605-693 K in an air atmosphere and 693-756 K in a nitrogen stream. Activation energy of oxidizing degradation reaction in an air atmosphere was 89 kJ/mol. The intrinsic viscosity of polyarylate (I) was 0.46, and the viscosities of the samples under the steady shear flow were 22,250 and 7200 MPa·s at the concentration of 5, 10 and 20 g/10 −4 m 3 , respectively. The tensile strength at break and Young's modulus were 44.5 MPa and 1.23 GPa, respectively: these properties are roughly in the same level as those of conventional unsaturated polyester resin. Polyarylate (I) exhibited the dynamic viscoelastic behavior like a typi- This research is an example of the barrier-free processing by the affinity control technology. The aim of this study is to develop wood composite materials from wood waste by the affinity control technology. Wood waste was grinded into powder by a grinding machine for recycling. The powder was screened into particles with various sizes in the ranges of 500 to 44 µm by sieving. The particles were pre-pressed into cylindrical shape by a press machine. The high dense and strong wood composite materials were molded from the cylinders at the pressure of 50 to 500 MPa and the temperature of 363-413 K by a warm isostatic pressure apparatus. The densities of wood composite materials were 1.39 to 1.43 g/cm 3 . These densities were higher than ones of wood (0.10 to 1.31 g/cm 3 ). The hardnesses were 70 to 100 HRR, though the hardness of wood is 50 to 90 HRR. The compressive strengths were 40 to 90 MPa. These strengths are smaller than the largest strength of wood (110 MPa). The composites made of smaller particles were stronger than one of the larger particles. The strength increased with increasing temperature. The pressure did not significantly relate to the strength of composites. The X-ray analysis of composites suggested that they changed to the amorphous structure of wood due to the effect of super high-pressure. Softened area and folded fibers were observed in scanning electron microscopy of the wood composite materials (Fig. 5) . These indicate that the amorphous components in wood softened during the molding by super high-pressure, and acted as a binder between particles.
Materials tailor-processing for DfX
It is accepted that it is effective to use high performance materials, for example, high specific strength materials, for achievement of dematerialization. However, there are severe barriers in manufacturing products of the high performance materials. Hence, the next step for barrier-free processing is to break through barriers in the products manufacturing. In particular, it is required to break through barriers in forming processing because high performance materials generally show poor formability.
The forming barriers are divided into the limit of chemical compositions, the limit of forming temperature and the limit of forming speed. These barriers arise from the nature of lattice structure of materials, coarsening of structures, change of structures, formation of brittle structures, precipitation of harmful phases and so on. One of keys to break through these barriers is the simultaneity of forming and microstructural control by in-process control. This can be attained by the local gradient control technology, the grain refinement enhancement technology and the in-situ processing technology. On the base of these technologies, some barrier-free processes have been developed from the viewpoint of forming of high performance materials. Also, the in-process design factors 6, 7) have been investigated from the viewpoint of the uniformity, the gradient and the composite of materials. The barriers and solutions in each process are as follows.
Flexible forming technology for high functional materials corresponded suitable design 8)
This research is an example of the barrier-free processing by the local gradient control technology. High density and high performance properties are required to the sintered machine structural components (especially, ferrous materials), together with improvement of recent machine functions. As one of the solutions, metal injection molding (MIM) technique is considered to be a process suitable for the above requirements because MIM process offers near full dense and net shaping of the complicated components with a relatively low processing cost. Hence, the aim of this research is to develop a new processing route for providing high functional microstructure, keeping the more complicated component shape, by connecting the MIM process with flexible shape control to the heterogeneous microstructural control which can realize high functionality with constituent saving and ultra-high strength.
The heterogeneous microstructural control led to a unique microstructural morphology which was consisted of Ni rich martensite surrounded by a network of tempered martensite by using mixed elemental powders for Fe-Ni-Mo low alloy steels. In this case, focus was to clarify and optimize the relationship between the mechanical properties and the heterogeneous microstructure for ultra-high strengthening the low alloy steels produced by MIM process varying Ni content (Fig. 6) , and eventually to establish a new processing route directed to environment conscious processing.
High speed flexible forming of light materials by
in-process control of microstructure 9) This research is an example of the barrier-free processing by the grain refinement enhancement technology. Magnesium alloys are promising materials because of low density and excellent recyclicability. However, one of drawbacks in Mg alloys is poor workability. Poor workability is one of big problems for Mg applications. Superplastic forming is very effective for forming of poor workability materials. It is known that superplasticiy is attained by grain refinement. Furthermore, high strength can be attained by grain refinement. Therefore, it is important to develop grain refinement technology for the barrier-free processing of Mg alloys. In the current superplastic forming technology of Mg alloys, the superplastic stain rate is very low (less than 10 −4 s −1 ). Also, special elements such as rare metals are required to attain superplasticity. Namely, there are barriers of the limit of chemical compositions and the limit of forming speed. To break through these barriers, grain refinement technology by thermomechanical treatment was developed in Mg-Al-Zn alloys. By the processing, the Mg alloys exhibited superplastic large elongation more than 200% in a wide strain rate range of 10 −4 -10 −2 s −1 (Fig. 7) . In addition, the Mg alloys showed high strength more than 300 MPa at room temperature. 2.2.3 Barrier-free fabrication process for metal silicidesbased composite with reaction control at matrixdispersoid interface by in-process matrix synthesis 10) This research is an example of the barrier-free processing by the in-situ processing technology. Metal silicides are expected as high-temperature structural materials for components usable in oxidizing atmosphere such as blades of nextgeneration highly efficient gas turbines because of their high strength at elevated temperature and superior oxidation resistance. However, no prospect of practical application has emerged yet due to their poor toughness (fracture toughness, K 1C 3 MPa·m 1/2 ) at ambient temperature. To overcome this shortcoming, the metal silicides should be toughened by dispersion of refractory metals such as niobium. However, the temperature required for synthesizing the metal silicides and for fabricating the metal silicide-refractory metal composites is so high that brittle phases are formed by reaction between the silicide matrix and the metal dispersoids during the synthesis and fabrication processes. Toughening effect of the refractory metal dispersoids is deteriorated by the formation of brittle phases.
The objective of this research is development of a new barrier-free fabrication process of the metal silicide-refractory metal composites with reaction control at matrix-dispersoid interface by in-situ processing. For this purpose, molybdenum and silicon powders were mechanically alloyed by using a vibratory ball mill, to form precursor molybdenum disilicide, MoSi 2 , in which excessive internal energy was accumulated. Mechanical alloying conditions required to form the precursor were investigated by ball milling experiments and a model simulation of individual balls' motion. The milling experiments revealed that high impact energy was required for forming the precursor and the simulation estimated the required energy level. The temperature required for synthesizing MoSi 2 from the precursor and for fabricating MoSi 2 -Nb composite was sufficiently decreased to reduce the brittle phase formation reaction at the interface between MoSi 2 -matrix and Nb-dispersoids by the activation due to the excessive accumulated energy. The synthesis temperature and the consolidation temperature of MoSi 2 decreased more than 300 K. A powder mix of the precursor and Nb powder was consolidated at 1673 K in a short time by pulse discharge sintering method to fabricate MoSi 2 -Nb composite. During consolidation, MoSi 2 -matrix was synthesized at comparatively low temperature, which was effective to reduce the formation reaction of brittle phases at MoSi 2 -Nb interface. The short time consolidation by the pulse discharge sintering method was also effective to reduce the brittle phase formation. Through this barrier-free fabrication process, MoSi 2 -Nb composite having the fracture toughness, K 1C , over 5 MPa·m 1/2 was fabricated (Fig. 8 ).
Direct thin plate formation of high functional and
bad machinable materials by in-process solidified control This research is an example of the barrier-free processing by the local control technology. In the present research, various properties of atmospheric plasma sprayed (APS) and vacuum plasma sprayed (VPS) coatings of the Ti-6Al-4V alloy were assessed for developing an optimum spray forming conditions of the alloy. As a result, the VPS was capable in depositing the titanium alloy of much lower porosity than that of the APS (Fig. 9) . The microhardness of the APS was about HV700, whereas that of the VPS was about HV600. The Xray diffraction data showed that the APS contained an oxide phase (TiO 2 ) and that the VPS had the identical chemical composition to that of the alloy powder of Ti-6Al-4V. The tensile strength of the APS coating was as low as 39 MPa, whereas that of the VPS was 450 MPa on average. Therefore, it was suggested that VPS plasma spraying is a potential method for forming plasma sprayed parts of the titanium alloy.
Fusion splicing between optical fiber made of silica glass and multi-component glass with low melting temperature 11)
This research is an example of the barrier-free processing by the textitin-situ processing technology. Multi-component glass is one of the promising materials to realize photonic network system for next generation. For making optical devices made of multi-component glass materials, it is needed to suppress precipitation of micro-crystals during sequential heating processes to form waveguide structure such as casting, reforming and fiber drawing. This is because any precipitates induce optical loss and fracture. Since nucleation occurs around the softening temperature, it is impossible to eliminate it completely during any of the heating processes. In order to shorten the time for staying at the softening temperature, it is required to develop new process which needs only one heating procedure to obtain the structure where multi-component glass is connected by silica glass optical fibers. This process also helps to reduce the loads toward environment through an improved material efficiency of multi-component glass materials.
The key for barrier-free processing in this work is the onestep heating processing (Fig. 10 ). An apparatus was made for melting a droplet of glass melt on a heated Pt plate and manipulating two optical fibers. Tellurite glass was used as the glass melt because it is known to have various optical functions and its melting temperature is low enough to avoid chemical reaction toward the silica fibers. The two fibers were inserted into the melt and removed to retain a small amount of the melt at a space between the two fibers. Then, the fibers were pulled to hold the melt between the ends of the fibers and the Pt heater was removed to quench them. These procedures were controlled by a personal computer to optimize the temperature and the timing. Finally, a composite structure was obtained where the both ends of 0.6 mm-long tellurite glass were connected to a silica fiber respectively. Although the thermal expansion coefficient of tellurite glass was two orders larger than that of silica glass, cracks were not observed at the interface between these glasses. This is because the area of the interface is small enough to eliminate the internal stress due to the mismatch of their thermal expansion coefficient. Optical properties of this composite were investigated. Reflection from inside the glass was measured and no scattering due to precipitation was observed. The optical coupling between the two fibers was about 40% because of the lack of waveguide structure in the terullite glass. In order to increase the coupling, it is needed to integrate a waveguide structure into the glass part, such as modifying the refractive index by focusing high power laser beam or forming a special shape to focus the beam to other end of the fiber.
Estimation method of materials efficiency for
barrier-free processing An estimation method of "materials efficiency" was developed from the viewpoint of the total material requirements. Also, the design factors for LCA were investigated in automobiles, electric goods and constructions.
It is not sufficient for environmentally benign manufacturing toward dematerialization only to develop new processing technology and high performance materials, because development of high performance materials and new processing technology does not always lead to benignity for environment. Hence, effects of the barrier-free processing on environment were investigated by the estimation method of materials efficiency. As a result, the estimation revealed that the barrierfree processes are effective for improvement of materials efficiency. For example, the fuel consumed by automobiles and so on can be reduced by 0.81% by the processing "the flexible forming technology for high functional materials corresponded suitable design". This demonstrates that development of innovative materials technology is very effective for reduction in environmental load.
Summary
It is required to develop innovative materials manufacturing technology in order to attain simultaneity of continuous growth of societies and benignity for environment. The barrier-free processing in a variety of materials such as steels, light metals, polymers, woods was developed from the viewpoint of recycling for scraps and materials selection for poison-free materials, and forming for high performance materials. The key technologies of the barrier-free processing are the synthesis of harmless materials from scraps by dispersion control and the simultaneity of forming and microstructural control by in-process control. The former is composed of the in-process harmlessness technology, the impurity use technology and the separation control technology. The latter is attained by the local gradient control technology, the grain refinement enhancement technology and the in-situ processing technology. By combination of these technologies, high performance products may be made of scraps. Further research is needed for innovation in materials technology for environmentally benign manufacturing toward dematerialization. The 5 th International Conference on ECOMATERIALS was held in October 2001 in Hawaii. The details of the barrier-free processing will be published in the proceedings of the conference.
